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Movements Resembling Orientation or Avoidance Elicited by
Electrical Stimulation of the Superior Colliculus in Rats
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Department of Psychology, University of Sheffield, Sheffield S10 2TN, England

Some studies have reported that stimulation of the superior col-
liculus in rats produces orienting responses, as it does in a num-
ber of species. However, other studies have reported movements
resembling avoidance and escape, which are not characteristic
of collicular stimulation in other mammals. This apparent dis-
crepancy was investigated by systematically recording the ef-
fects on head and body movements of electrical stimulation at
a large number of sites throughout the superior colliculus (SC)
and surrounding structures.

It was found that the nature of the movements observed de-
pended on the location of the stimulating electrode. Contralat-
eral head and body movements resembling orienting and ap-
proach were obtained from sites in the intermediate and deep
layers in rostral colliculus, the intermediate white layer and
immediately surrounding tissue in central colliculus, and in all
layers except deep white in caudal colliculus. At the remaining
responsive sites, movements resembling avoidance and escape
were obtained. The most common response was an ipsilateral
cringelike movement of the body that developed into ipsilateral
locomotion, followed by running and jumping as the current was
increased. These movements were obtained from sites in the
superficial and intermediate layers rostrally; from the interme-
diate gray and the medial superficial and deep layers in central
colliculus; and from the deep layers and underlying tegmentum
caudally.

The distributions of sites, together with evidence from other
studies, suggested the following conclusions; (1) Within the su-
perficial layers, avoidance responses were obtained from a re-
gion of the superior colliculus that appeared to represent the
upper visual field, whereas orienting responses were obtained
from a region apparently representing the lower visual field. (2)
Stimulation of the area containing the cells of origin of the
predorsal bundle produced orientation and approach move-
ments, whereas the avoidance and escape movements were prob-
ably mediated by parts of the ipsilateral descending pathway.
(3) The stimulation-induced avoidance and escape may reflect
the importance of such responses to visual “events,” particularly
in the upper part of the visual field, in animals, like rats, with
many predators.

It is widely accepted that the mammalian superior colliculus
(SC) is involved in the production of visually triggered orienting
movements. Part of the evidence for this view is that electrical
stimulation of the SC can produce appropriate movements of
the eyes and head (for recent reviews, see Chalupa, 1984; Wurtz
and Albano, 1980). Although much of this work has been carried
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out on cats and monkeys, in rats too collicular stimulation can
induce movements of the eyes, head, and body that resemble
orientation and approach (Imperato and Di Chiara, 1981; Kil-
patrick et al., 1982; McHaffie and Stein, 1982; Weldon et al.,
1983).

However, these are not the only movements that have been
reported to follow collicular stimulation in rats. In a number of
studies, electrical stimulation of the rat SC has produced escape
or other responses characteristic of aversive stimulation (Olds
and Olds, 1962, 1963; Olds and Peretz, 1960; Schmitt et al.,
1974; Stein, 1965; Valenstein, 1965; Waldbillig, 1975). Because
electrical stimulation affects axons as well as cell bodies and
dendrites, the substrate of these escape or avoidance responses
could have been either fibers passing through the SC or the
collaterals of fibers that terminate elsewhere in the brain. But
similar responses are also produced by collicular microinjection
of GABA antagonists (Cools et al., 1983, 1984; Kilpatrick et
al., 1982; Redgrave et al., 1981), which suggests a contribution
from local neuronal processes.

These results raise a number of questions. Why do some
studies report orienting movements, and others avoidance or
escape responses? If the mammalian SC is exclusively concerned
with orientation, why are defensive movements produced at all?
The purpose of the present experiment was to try to clarify these
issues by providing a systematic description of the movements
ofthe head and body elicited by stimulation at different locations
within the SC and surrounding structures in rats.

Despite the advantages of chemical stimulation mentioned
above, we decided to stimulate the colliculus electrically on the
grounds that the intensity and duration of the stimulation could
be precisely controlled. This made it possible to control the
intensity and duration of the elicited movements, which had
two benefits. First, as the current was raised in small steps, the
component parts of what became complex head and body move-
ments appeared in sequence, and were thus much easier to dis-
cern. Second, in the case of avoidance movements, the stimu-
lation could be terminated if the response appeared likely to
cause discomfort to the animal. Some of the results have been
reported in abstract form (Sahibzada et al., 1984).

Materials and Methods

Subjects and surgery

The subjects were 49 male hooded Lister rats weighing 300-450 gm at
the time of surgery. Each animal was anesthetized with chloral hydrate
(4%; 8-10 ml/kg), after which either a single movable electrode (Mili-
aressis, 1981) or bilateral fixed electrodes were stereotaxically implanted
into the SC or surrounding structures. Both types of electrode were made
out of 00-gauge stainless steel pins (0.31 mm diameter) coated with
epoxy resin (Clarke Electromedical), except for the cross-sectional area
at the tip. The stereotaxic coordinates used for implantation were in
the range AP —5.3 to 8.3 mm posterior to bregma; L 0.0-2.5 mm with
respect to midline; DV —2.0 to —7.0 mm below the surface of dura
(dorsal surface of skull level; coordinates from atlas of Paxinos and
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Watson, 1982). Each region was mapped with both fixed and movable
electrodes. The electrodes were maintained in position by securing them
with cranioplastic cement to anchor screws embedded into the skull.

Testing procedures

At least 1 week after surgery each animal was placed in a small, clear-
sided Perspex box (31 x 26 x 30 cm), the floor of which was covered
with sawdust. One of the implanted electrodes was connected via a
mercury swivel (Campden Instruments) to a constant current pulse-
generating system (Neurolog); a skull crew protruding above the cra-
nioplastic cement served as the indifferent pole. The integrity of the
stimulating circuit was continually monitored by measuring the voltage
drop across a 10 kQ resistor in series with the rat.

The testing session comprised a series of trials, separated by at least
90 sec, in each of which the animal was stimulated with a 1 sec train
of negative monopolar square-wave pulses (0.2 msec) at a frequency of
100 Hz. On successive trials the stimulating current was systematically
increased in nominal 10 gA steps. Subsequent calibration showed that
the actual steps were close to 8 uA, and the maximum current used was
160 pA. A trial was initiated by the experimenter only when the animal
was observed to be completely still. A testing session was terminated
either when the stimulating current reached 160 A or when the bodily
movement elicited by the stimulation was sufficiently rapid to cause the
animal’s feet to slip in the sawdust. A simple ascending series of currents
was chosen to determine behavioral thresholds. Habituation was not
thought to pose a problem with these testing procedures because pilot
investigations indicated that within- and across-session threshold de-
terminations of responses elicited by SC stimulation were remarkably
stable: For example, elicited movements showed no appreciable dec-
rement after a series of 20-30 stimulation trials spaced only 10 sec
apart.

Each trial was recorded on video tape with a camera mounted 97 cm
directly above the floor of the Perspex box. The logic system that con-
trolled the stimulation train duration was used to switchona 12 V bulb
in view of the video camera. The tapes were analyzed for head and body
movements elicited by the central stimulation.

In animals with bilateral implants, the order of testing right- and left-
hand electrodes was counterbalanced, whereas the movable electrodes
were lowered an additional 0.5 mm between test sessions, with the
animals lightly anesthetized with ether. At least 24 hr was allowed for
animals to recover from the ether anesthesia before testing a new site.
With this system, up to six sites were successively tested in a single
animal.

After completion of behavioral testing the animals were killed while
anesthetized and the exact location of each electrode tract was deter-
mined using conventional histological procedures. For the fixed elec-
trodes, evidence of the deepest penetration of the electrode into tissue
was taken as the site of stimulation and marked as such on coronal
sections from the atlas of Paxinos and Watson (1982). For the movable
probes, the same procedure was used to identify the deepest site tested;
the more dorsally located sites on the same tract were determined using
the scale at the side of each section in the atlas. In some cases there was
clear evidence in the histological material that the surface of the SC had
been depressed by the incremental descent of the movable electrode. In
such instances, the extent of the depression was estimated and due
allowance made in the reconstruction of the relevant sites of stimulation.
It was this factor that led us to ensure that all areas of interest were
surveyed with both fixed and movable probes.

Results

This section is in four parts, on the topics of (1) why certain
stimulation-induced responses were excluded from the data
analysis; (2) initial responses. Very low current levels did not
produce movements of the head or body: Such movements only
emerged as the current was raised. The nature of these initial
responses, and the anatomical distribution of the sites that pro-
duced them, are described; (3) subsequent responses. As the
current was further increased, the initial response pattern either
speeded up or changed into a new pattern. The changes that
occurred and the anatomical distribution of sites that produced
them are described; (4) the anatomical distribution of thresholds
for the various movements that were observed (whether as ini-
tial or subsequent responses), and, where appropriate, how the
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direction and amplitude of movements varied with electrode
position.

Responses excluded from analysis

The focus of interest of the experiment was head and body
movements resembling either orientation or avoidance that could
be directly elicited by stimulation of the SC. Other responses
were therefore excluded from the data analysis, for example (1)
movements of eyes, pinnae, or vibrissae (see McHaffie and Stein,
1982; Stein and Clamann, 1981); (2) “rebound” responses ap-
pearing only at stimulus offset; (3) responses obtained from the
50 sites tested in the cortex and hippocampus overlying the
tectum. In fact, stimulation at most (n = 29) of these forebrain
sites failed to produce any observable reaction within the range
of current tested: From the remainder, stimulation elicited for-
ward exploratory movements reminiscent of those produced by
rewarding stimulation of the diencephalon (Redgrave and Hor-
rell, 1976) and distinct from movements evoked by stimulation
of midbrain and pons (see below).

One additional response was excluded for a different reason.
It was our impression that at some collicular sites the lowest
threshold effect of stimulation was to suppress spontaneous
movement—that is, to cause the animal to “freeze” (Dean et
al., 1982; Gabriel et al., 1981; Kilpatrick et al., 1982). Freezing
was of interest because, like avoidance and escape, it can be a
defensive response to potentially aversive stimuli; however, its
systematic study requires a background of continuous move-
ment that was unavailable in the present experiment.

Initial responses

Only 32 of the 258 brain stem sites investigated produced no
head or body movements with a stimulating current of 160 pA.
Twenty of these sites were within, or resting on, the superficial
layers of the SC (Fig. 1). Analysis of the video tapes indicated
that, despite some individual variability, the initial responses
evoked at the remaining sites had sufficient features in common
for them to be categorized into five distinct patterns, two of
which were observed much more frequently than the others.

1. Contralateral head movement, sometimes accompanied by
a contralateral movement of the upper body (76 of 163 collicular
sites). These movements (Fig. 24) resembled the orienting head
movements made by rats to stimuli in the contralateral visual
field, i.e., in that area of the field represented by the SC that
was being stimulated.

These orientation-like head movements were obtained from
sites within the SC that varied systematically with the rostral-
caudal plane. Thus, in the rostral colliculus (AP —5.3 and —5.8),
head movements were almost entirely confined to the inter-
mediate and deep collicular layers. At an intermediate level (AP
—6.3), head movements were largely centered on the interme-
diate white layer and directly adjacent tissue. At more caudal
levels, they became the predominant lowest threshold response
in all SC layers, except the deep white layer. The main areas
producing orientation-like responses in structures surrounding
the SC (29 sites) were the lateral central gray and adjacent mes-
encephalic reticular formation.

2. An ipsilateral body movement (53 of 163 collicular sites).
This movement was rarely accompanied by a contralateral head
movement (six sites). It could appear either as a lateral roll of
the body or a sinking of the animal onto its haunches; most
frequently it was a combination of these two simple forms in
which the animal would move both ipsilaterally and backwards
(see Fig. 2B). The immediate impression given by these move-
ments was that of cringing or flinching, like the movements
made in response to the experimenter’s hand by a rat unwilling
to be picked up. They are subsequently referred to as “cringe-
like” movements.

The location of sites from which cringelike movements were
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Figure 1. Anatomical distribution of initial response patterns elicited by electrical stimulation within the SC and surrounding structures. The
symbols on the map correspond to the following responses (see text): O, orienting-like head movement; ®, cringelike movement of the body; o, a
cringelike body movement accompanied by orientation-like head movement; %, running or jumping; ¢, shying-type locomotor movements; ©,
approach-like locomotion; e, no response elicited by a stimulating current of 160 pA. Individual layers of the SC are abbreviated as follows: SuG,
superficial gray; Op, stratum opticum; InG, intermediate gray; InWh, intermediate white; DpG, deep gray; DpWh, deep white. Abbreviations for
all other structures can be found in the atlas of Paxinos and Watson (1982). Numbers in margins (- 5.3, etc.) refer to millimeters caudal to bregma
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Figure 2. A, Sequence of tracings made from the video screen illus-
trating the progressive nature of an orientation-like head movement
elicited by 1 sec electrical stimulation to the contralateral SC. B, Similar
illustration of an ipsilateral cringelike movement of the body (see text).

obtained also varied systematically throughout the SC. Rostrally
(AP —5.8) these movements were largely confined to the lateral
superficial and intermediate layers. At an intermediate collicular
level (AP —6.3) there were two distinct areas where cringelike
movements were observed: (a) throughout the intermediate gray
layer and medial superficial layers; and (b) an area centered on
the deep white layer adjacent to the central gray. These two
areas sandwiched the orienting responses located predominantly
in the intermediate white layer (see above). At more caudal
levels the cringelike responses were gradually replaced by ori-
entation-like movements. This occurred first in the intermediate
and superficial layers, then in deep white and gray layers. The
cringelike movements were also a common lowest threshold
behavior in structures surrounding the SC (53 sites), in partic-
ular, the central gray, the caudal mesencephalic, and the pontine
reticular formations, and the cuneiform and parabrachial areas.

3. Running or jumping (seven collicular sites). It was our
impression that at sites where the threshold movement was
running or jumping, subthreshold currents caused freezing, often
accompanied by changes in breathing. The movements were
typically very rapid and resembled those characteristic of escape

Figure 3. Qualitative changes in re-
sponse patterns produced by increas-
ing the stimulating current at each of
six midbrain sites within the brain of
a single animal. The key for symbols
representing different response pat-
terns can be found in the legend of
Figure 1.
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or flight (e.g., Barnett, 1958, p. 301). It was because of this class
of response that the rule was introduced concerning termination
of the test session when the animal’s feet slipped on the sawdust;
however, the animals appeared quite undisturbed when the re-
sponse was over (usually within 1 sec of stimulation offset), and
they could be handled without difficulty.

Running and jumping were obtained as threshold responses
from sites in the superficial and intermediate layers of the medial
anterior colliculus, and also from two sites under the caudal SC
adjacent to the lateral central gray.

4. Ipsilateral locomotion (four sites). At these sites stimulation
produced locomotor movements toward the side of the elec-
trode, although the exact direction might vary somewhat from
trial to trial depending on, for example, how close the animal
was to a wall of the test chamber. The impression given was
that of an animal shying away from a threatening stimulus in
the contralateral field, and for this reason the response is referred
to as “shying.” It was obtained as a threshold response from an
occasional site in the caudal midbrain reticular formation, or
close to caudal central gray.

5. Forward locomotion with no accompanying head move-
ments. This behavior was obtained as a threshold response from
three sites close to caudal central grey.

Subsequent responses

An example of the way in which response patterns changed with
increasing current is shown in Figure 3, which illustrates thresh-
olds for different responses for six sites explored with a movable
electrode in the same animal. At the most dorsal site, the thresh-
old response was running and jumping; thus, no further tests
were given (see above). At the next most dorsal site, at the
boundary between stratum opticum and intermediate gray, the
threshold response was a cringelike movement, which was re-
placed at a higher current by running and jumping. At the third
site, in the deep layers, this pattern was interrupted by the ap-
pearance of an orienting movement at intermediate current in-
tensities. The site was close to the region in which orientation
was the most common response (Fig. 1). At the three most
ventral sites, a common pattern was observed; first, cringelike
movements; then shying; and finally, running and jumping. At
the most ventral site, this pattern was preceded by an orienting
movement, showing that within the current range tested it was
possible to have as many as four movement patterns emerging
in sequence.

o
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Figure 4. Left, Qualitative changes in the pattern of behavior induced by increasing current at sites where the threshold response was orientation-
like movements of the head. Right, Analogous changes at sites where the original response was cringelike movements of the body. The key for
symbols representing different response patterns can be found in the legend of Figure 1. Sections as in Figure 1.

The anatomical distributions of sites giving different response
patterns as the current was increased is shown in Figure 4. On
the left side of the figure are shown sites that initially gave an
orienting head movement (76 collicular sites). As the current
was increased, one of three changes was observed: (1) The head

moved faster, and thus for a greater distance, but no locomotion
occurred (18 sites). (2) As the stimulating current was increased,
the amplitude of the head movement increased to a point where,
in order to continue, the animal had to move its feet (38 sites).
Additional increases in stimulating current resulted in contra-
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Figure 5. Left, Threshold currents for obtaining orientation-like head movements from the SC and surrounding structures (@, 50 pA; ©, 50-85
uA; O, 86-160 nA). Right, Amplitudes and directions of contralateral evoked head movements. The angle of the movement to the horizontal is
represented by the angle of the arrow, and the size of the movement by the arrow length (see text). Sections as in Figure 1.
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lateral turning. Eventually, the turning could become sufficiently
rapid to cause the feet to slip in the sawdust, thereby terminating
the session. (3) At 20 sites, the orienting head movement was
replaced by either a cringelike movement, or running and jump-
ing.
Thus, 74% of collicular sites that gave orientation as an initial
response gave related movements when the current was raised.
As Figure 4 shows, this tendency was particularly marked in
caudal sites (AP —6.8 to —7.8, 90% of sites), whereas in the
rostral part of the SC (AP —5.8 and —6.3), a greater proportion
of second behaviors were movements characteristic of avoid-
ance (cringelike and escapelike, 47%). However, at AP —6.3 it
was interesting to note that the concentration of orientation sites
within the intermediate white and upper part of deep gray layers
was retained (Fig. 1).

For sites outside the colliculus, contralateral locomotion was
exclusively the second behavior in the inferior colliculus, where-
as avoidancelike movements were more common as the second
behavior in central gray and underlying reticular formation.

The second behavior at sites initially giving cringelike move-
ments of the body is shown in the right-hand side of Figure 4.
Four different outcomes were observed. (1) At a small number
{n="T)of collicular sites, an orienting head movement appeared,
sometimes accompanied by contralateral locomotion. (2) The
movements increased in speed and were accompanied by move-
ments of the feet that allowed the body to continue in a backward
ipsilateral direction (13 collicular sites). An unnatural ““forced”
type of backward ipsilateral rotation thus resulted. (3) The
cringelike movement broke away into ipsilateral locomotion,
i.e., shying (16 collicular sites). (4) Running and jumping oc-
curred (17 collicular sites).

Thus, 87% of collicular sites that gave cringelike movements
as a threshold response continued to give related movements
when the current was raised. More specifically, as Figure 4 shows,
within the rostral part of the colliculus (AP —5.3 to —6.8),
shying-type locomotor movements and explosive escape-like
movements were observed with approximately equal frequency
as the second behavior (n = 15 and 17, respectively). In the
posterior colliculus (AP —7.3 and —7.8), only one site initially
gave a cringelike movement, and at this site the second behavior
was an orienting-like head movement.

In structures surrounding the colliculus, shying-type loco-
motor movements were more commonly observed as the second
behavior in the central gray and reticular formation underlying
the anterior colliculus. This was also true for the cuneiform
nucleus and the area immediately rostral to it; however, some
rapid escape-like movements were obtained in the reticular for-
mation between the cuneiform area and the ventral posterior
colliculus.

For the very few sites where the initial movements were either
locomotion or shying-type reactions, increases in current simply
increased the speed of movement until the feet slipped.

Response characteristics: orienting movements

The threshold currents for obtaining orientation-like head
movements from the SC and surrounding structures, irrespec-
tive of the presence or absence of other behaviors, were grouped
into three categories and plotted on the left-hand side of sections
in Figure 5. The overall impression from these data is that in
areas where orientation-like head movements were obtained,
any systematic variation in threshold was dwarfed by variability
between animals. It is nonetheless possible to discern relatively
consistent low threshold sites in the far lateral sector of the SC,
a feature that extends caudally into the inferior colliculus. Also,
there is a suggestion that sites in the superficial layers of the
colliculus had rather high thresholds.

The right side of Figure 5 shows amplitudes and directions
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Figure 6. Left, Upward, horizontal, and downward orientation-like
head movements plotted on a reconstructed surface view of the SC.
Responses from all collicular layers are included. The diagonal line
approximates the horizontal meridian as indicated by the elicited move-
ments. Right, Threshold response patterns elicited from the superficial
layers (SuG, Op) plotted on a reconstructed surface view of the SC. The
key for different responses is in the legend of Figure 1. The diagonal
line represents the horizontal meridian, as estimated at left.

of the evoked head movements. Head movements at threshold
stimulation were rated as either large (>30°) or small (<309
independently in horizontal and vertical planes. It can be seen
that all evoked head movements were contralateral to the stim-
ulating electrode. In rostral colliculus (AP —5.8 to —6.3), of the
36 sites that gave movements with a vertical component, 33
gave upward movement. In the posterior colliculus (—6.8 to
—17.8), the situation was reversed, i.e., out of 38 sites, only five
gave upward movement (x2 = 42.5; df = 1; p < 0.001). Second,
when the colliculus was divided into medial and lateral sectors,
it was discovered that out of 41 sites in the medial section, 26
gave upward movement, whereas in the lateral sector, only 11
of 33 sites did so (x* = 5.47; df = 1, p < 0.02). Thus, as the
left-hand side of Figure 6 makes clear, orienting movements
obtained from sites in rostromedial colliculus had an upward
component, whereas in the posterior and lateral regions, head
movements were predominantly downward.

When a similar analysis was done with the amplitude of elic-
ited head movements, it was found that in only 12 of 45 sites
in the anterior sections (—5.8 to —6.3) were the movements
large, whereas in posterior sections (—6.8 to —7.8), 24 out of
45 were large (x2 = 5.60; df = 1; p < 0.02). When the analysis
was performed on medial and lateral sectors, it was found that
large and small movements were essentially equally distributed
(x> =0.42; df = 1; p > 0.7). Thus, the amplitude of orientation-
like head movements elicited by collicular stimulation increases
at more caudal sites.

Response characteristics: movements other than orienting

The thresholds for cringe-like movements, shying, and running
and jumping are shown in Figure 7. Again, there was consid-
erable variability between animals, so that thresholds were clas-
sified simply as either high or low. For stimulation sites within
the SC, the low-threshold sites for all three responses were gen-
erally located in the deep layers. This sensitive region extended
into the underlying reticular formation directly adjacent to the
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Figure 7. Thresholds for avoidance-like movements elicited from the SC and surrounding structures. For the Cringe (4) and Shy (B) maps: I,
85 uA; O, 86-160 wA. For the Running (C) map: W, 120 A; [, 121-160 uA. Sections as in Figure 1.

lateral central gray. The principal exception to this was a sen-
sitive area in the superficial layers of the anterior colliculus,
which contained low-threshold sites for cringe- and escape-like
movements.

The cringelike movements entailed a movement of the body
into the posterior-ipsilateral quadrant. The direction of this
movement (categorized into three classes: purely ipsilateral,
purely backward, ipsilateral and backward) was not consistently
related to location of stimulation site within the SC. This was
also the case for shying and escapelike movements, which, in
addition, tended to vary in topography depending on the ani-
mal’s location in relation to the walls of the testing box.

Discussion

These results suggest that electrical stimulation of the rat SC
can produce one of two quite different patterns of head and body
movement, depending primarily on the position of the stimu-
lating electrode.

One pattern was characterized by a contralateral head move-
ment at low currents, which was often accompanied by forward
locomotion or turning as the current was increased. Given the
representation of space within the SC, such movements can be
interpreted as orientation and approach toward a contralateral
stimulus. Similar head and body movements have previously
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been reported to follow chemical stimulation of the colliculus
in rats (Imperato and Di Chiara, 1981; Kilpatrick et al., 1982;
Weldon et al., 1983) and related movements of eyes, pinnae,
and vibrissae to follow electrical stimulation (McHaffie and
Stein, 1982).

The second pattern was characterized by ipsilateral body
movement at low currents, which could turn into ipsilateral
walking and finally running and jumping at higher currents. At
a small number of collicular sites the running and jumping
appeared without prior movements. Given the representation
of space within the superior colliculus, and the form of the
movements, these responses resemble avoidance of or escape
from a contralateral stimulus. Related movements in response
to both electrical and chemical stimulation of the superior col-
liculus in rats have been reported previously (Cools et al., 1983,
1984; Kilpatrick et al., 1982; Olds and Olds, 1962, 1963; Olds
and Peretz, 1960; Redgrave et al., 1981; Schmitt et al., 1974;
Stein, 1965; Valenstein, 1965; Waldbillig, 1975).

The discussion is concerned with four issues: (1) Is the char-
acterization of the ipsilateral movements as avoidance responses
correct? (2) What are the neural substrates that mediate the two
patterns of response? (3) What are the functional implications
of the two movement patterns? (4) How far do the present results
resemble those obtained with collicular stimulation in other
species?

Movements resembling avoidance

The resemblance of the movements produced by stimulation
of the SC to avoidance and escape responses may be misleading,
at least in the case of cringelike movements. Thus, Schaeffer
(1970) reported ipsilateral movements of the head and body to
electrical stimulation of rostral colliculus in decorticate rabbits
but suggested that the function of those movements was to bring
the stimulus onto the central area of the rabbit’s laterally placed
eye. However, it does not seem likely that the present results
could be interpreted in a similar fashion. First, there is evidence
that, in all parts of the visual field, rats point their heads at
stimuli that they subsequently approach or investigate (c.g., Goss
and Wischner, 1956; Lashley, 1932; Overton et al., 1984). In
the present study, cringelike movements were obtained from
the superficial layers in a region of the SC that gave upwards
orienting movements in other layers (Fig. 6). Second, stimuli
that cause normal rats to orient can evoke cringing in animals
given collicular injection of picrotoxin (Redgrave et al., 1981).
In fact, as the drug wears on, the reaction to a visual stimulus
that normally elicits orienting changes first to freezing, then to
cringing, and finally to increasingly strong flinching, culminating
in violent running and jumping.

Thus, cringing appears to be part of a repertoire of defensive
responses (see Bandler, 1984), rather than a form of orientation
to a particular region of visual space.

Neural substrates

Determining the neural substrates that mediate the patterns of
movement observed after collicular stimulation is hindered by
two factors.

The first is that, because of current spread, the effective sites
might have been distant from the stimulating electrode. Mea-
surements of current spread from electrodes similar to those
used here have indicated that a current of 160 pA (the highest
used in the present study) may excite neuronal elements 0.36—
0.65 mm distant to the electrode (e.g., Bagshaw and Evans, 1976;
Yoemans et al., 1984). In addition, there is evidence for syn-
aptically mediated spread of excitation over 2-3 mm within the
intermediate gray layer of the cat’s SC (MclIlwain, 1982). How-
ever, in the present study there were numerous sites at which
the type of behavior observed at low currents persisted when
the current was raised, despite the presence nearby of sites giving
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a different type of response (cf. Figs. 1 and 5). Thus, at these
sites it is possible that the spread of excitation to distant regions
was not an important factor in determining the pattern of be-
havioral response.

The second problem of interpretation is that electricity will
stimulate not only cell bodies and dendrites, but also axons,
including axons of passage and the axon collaterals of fibers
afferent to the SC. Because both orientation and avoidance
movements have been obtained after microinjection of GABA
antagonists into the SC (see the introduction), it is unlikely that
the present results were entirely due to stimulation of fibers of
passage or axon collaterals. However, the contribution of such
stimulation at any individual site is uncertain.

Despite this uncertainty, it is possible to suggest, on the basis
of these and other findings, that stimulation of the crossed de-
scending pathway and its cells of origin may be associated with
orientation and approach movements:

1. In rats, the bulk of the cells of origin of the predorsal bundle
are concentrated within the lateral part of the intermediate white
layer (Chevalier and Deniau, 1984; Chevalier et al., 1984; Mur-
ray and Coulter, 1982; Redgrave et al., unpublished observa-
tions), where electrical stimulation produced orienting head
movements (Fig. 1). Similarly, microinjections of GABA an-
tagonists within this region have been reported to induce con-
tralateral head movements and associated turning (Imperato
and Di Chiara, 1981, Kilpatrick et al., 1982).

2. Electrical stimulation from sites in the vicinity of the pre-
dorsal bundle as it courses through midbrain and pons has been
found to elicit turning (Gobbin and Atrens, 1976; Miliaressis,
1981; Miliaressis and Phillipe, 1984; Robinson, 1978). It ap-
pears that the movements produced are very similar to those
described here: thus, Yoemans et al. (1984, p. 288) state, “At
very low currents, head movements could be obtained without
body rotation . . . (at higher currents) the rat’s head turned with-
in 0.5 sec after the onset of stimulation, then the front paws
swept contralaterally in front of the body to initiate the ipsilat-
eral turn.” (The ipsilateral direction of the turn is consistent
with the pathway having crossed the midline at the sites at which
it was stimulated.)

3. Both anatomical and electrophysiological evidence indi-
cates that, at least in cats, the areas of the brain stem in which
fibers of the predorsal bundle terminate are involved in the
control of head and eye movements (e.g., Anderson et al., 1971;
Edwards and Henkel, 1978; Grantyn and Grantyn, 1982; Ka-
wamura and Hashikawa, 1978). This evidence suggests that
stimulation of the cells of origin of the crossed descending path-
way is sufficient to produce orienting movements of the head
and body; it does not indicate whether this pathway is necessary
for the colliculus to mediate orientation. In the present study,
sites outside the intermediate white layer gave orienting move-
ments. However, as mentioned above, it is impossible to tell
whether such sites represent additional output pathways. Dam-
age to the predorsal bundle has been reported to have very severe
effects on visually evoked orienting in tree shrews (Raczkowski
et al., 1976), but preliminary observations suggest the effects
are less pronounced in rats (Overton et al., 1984).

The evidence that implicates the predorsal bundle in orienting
also suggests that it does not mediate the avoidance responses.
It is possible that these movements may be associated with the
ipsilateral descending pathway:

1. The regions within the SC from which avoidance move-
ments were obtained are those that contain the cells of origin
of the ipsilateral descending pathway (Redgrave et al., unpub-
lished observations). This is also the case for the medial sites
at which microinjection of GABA agonists gives similar move-
ments (Cools et al., 1984; Kilpatrick et al., 1982).

2. Stimulation at sites within the ipsilateral descending path-
way can give movements resembling avoidance or escape (Fig.
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1; Parker and Sinnamon, 1983; Robinson, 1978; Ross and Sin-
namon, 1984; Ruth and Rosenfeld, 1977; Sinnamon, 1984;
Waldbillig, 1975). Whether different target areas of this massive
projection pathway mediate the different kinds of avoidance
and escape movement remains to be investigated.

Functional implications

[t is generally agreed that one function of the SC is the mediation
of visually triggered orienting movements. The conclusion that,
in rats, stimulating some collicular neurons can evoke defensive
responses suggests that an additional function of the SC in this
species is to produce avoidance or escape on receipt of the
appropriate sensory stimulation. This conclusion is consistent
with evidence that damage to the SC can seriously impair vi-
sually triggered escape (Blanchard et al., 1981; Dean and Red-
grave, 1984a; Goodale and Murison, 1975; Merker, 1980).

How are these different, indeed apparently opposing, func-
tions of the SC in rats to be reconciled? Behavioral and elec-
trophysiological evidence indicates that the SC is particularly
concerned with peripheral stimuli that move, or suddenly ap-
pear (evidence reviewed in Dean and Redgrave, 1984a, b). Eco-
logical considerations suggest it would be very sensible for an
animal like the rat not to orient to and approach every transient
it sees: Some transients— for example, those produced by a pred-
ator—may require immediate defensive responses. The involve-
ment of the SC in both approach and avoidance movements is
thus consistent with the view that the structure is concerned
with organizing the appropriate initial response to unexpected
visual transients (Dean and Redgrave, 1984c).

Such a view implies that the SC must help to implement the
rules used by the animal for deciding which response to make.
The present data provide a hint about one of those rules. There
was some suggestion that movements resembling avoidance were
obtained from the superficial layers in a rostromedial segment
of the SC (Fig. 6, right). When orienting movements were ob-
tained from some deeper sites within this segment, they had an
upward component (Fig. 6, left). It is therefore possible that
defensive responses are more likely when an unexpected visual
transient appears in the upper field, whereas orienting and ap-
proach are more likely when the stimulus appears in the lower.
Such a rule would make ecological sense and is consistent with
the behavioral observations of Merker (1980) on hamsters.

Other species

The involvement of the nonmammalian optic tectum in both
approach and avoidance is well established (e.g., Vanegas, 1984),
and the present results suggest the rat SC may be more similar
to the optic tectum in these animals than previously supposed.
The evidence that stimulating the SC in other mammalian species
can produce defensive responses is, however, somewhat meager
(for review, see Dean and Redgrave, 1984c). Schaeffer (1970)
obtained defensive responses from collicular stimulation in de-
corticate rabbits and cats, and cardiovascular changes that might
be associated with ‘‘defensive arousal” can be obtained from
the SC in carnivores (e.g., Hilton, 1982; Schramm and Bignall,
1971). However, in the overwhelming majority of experimental
reports on collicular stimulation in cat and monkey, only move-
ments associated with orienting have been mentioned.

There seem to be at least three reasons that might account
for the failure to obtain defensive responses in cats and monkeys.
First, the stimulation parameters may have been inappropriate
in some way. The number of studies involved reduces the plau-
sibility of this suggestion, as do the recent findings that collicular
injections of GABA antagonists also fail to elicit defensive re-
sponses from either cat or monkey (Hikosaka and Wurtz, 1983;
Jaspers and Cools, 1984), despite their great effectiveness for
this purpose in rats (see above).

Second, the appropriate efferents do not exist in cat or mon-
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key. Currently available neuroanatomical evidence suggests that
the general pattern of collicular efferents is similar across a
wide variety of mammalian species (e.g., Harting and Huerta,
1984). However, there may exist subtle yet crucial differences
between rats and other mammals: The pattern of termination
of collicular efferents in the rat has yet to be completely described
using recently developed tract-tracing techniques. Alternatively,
target structures of some collicular efferents may have assumed
new functions in cats and monkeys.

Finally, the appropriate efferent pathways do exist in cat and
monkey, but in the circumstances under which stimulation ex-
periments are carried out, these pathways are prevented (per-
haps by descending inhibitory control from the forebrain) from
influencing behavior. Control of this kind could serve a number
of functions. For example, the decision to escape from a visual
transient depends heavily on context, such as whether the tran-
sient occurs in a safe or dangerous environment (e.g., Dean and
Redgrave, 1984c; Merker, 1980). It may be that rats are more
likely to regard the laboratory environment as dangerous than
are highly trained cats or monkeys. There is some evidence that
in rats the threshold for obtaining defensive responses from the
SC can be influenced by activity in the forebrain: Destruction
of forebrain dopamine systems elevated the threshold for pi-
crotoxin-induced escape by a factor of about 10 (Redgrave and
Dean, 1981; cf. Cools et al., 1984).

Currently available evidence is insufficient to decide which
of these possible explanations is correct. The issue may be re-
solved by further investigations of the functions of collicular
efferent pathways in the species concerned.
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